One contribution of 18 to a discussion meeting issue 'The Rhynie cherts: our earliest terrestrial ecosystem revisited'. The key to understanding fossil ecosystems is to understand the life habits of long extinct organisms. Yet, as direct observations are no longer possible, morphological details are usually the only available data source. One important aspect of lifestyle is feeding strategies, which can be inferred from morphological structures in comparison with those of extant relatives. The Lower Devonian Rhynie and Windyfield cherts preserve even minute structures to a high degree of detail, which allows investigation of the functional morphology of structures possibly involved in feeding. In this contribution, the feeding structures of different arthropods from the Rhynie and Windyfield cherts are described and the corresponding feeding strategies of the animals are discussed. This overview illustrates that in this early non-marine biota, a wide range of feeding strategies already existed.
Introduction
The Scottish Devonian chert Lagerstätten, the famous Rhynie chert and the nearby Windyfield chert, provide a unique view into early ecosystem evolution. With a maximum age of about 411 Myr [1] , they are among the oldest occurrences of fossilized non-marine biota, especially concerning animals [2, 3] . Also, the preservation of fossils from these Lagerstätten is absolutely incredible. Structures in the submicrometre range including subcellular aspects are preserved and accessible. A further point stressing the exceptional conditions of these Lagerstätten is their original general ecology. It has been reconstructed as being comparable to conditions today at Yellowstone, USA, representing a system of highly mineralized ponds in the vicinity of hot springs [4, 5] .
With such a special ecology, the chert Lagerstätten (most likely) do not represent a direct proxy of the earliest non-marine ecosystems. Yet, they demonstrate that from early on in the evolution of non-marine biotas, we see variation, and appreciate that extreme, rather special environments had been conquered.
The 'chert biota' (not entirely correct, because at the time when it was a biota, it was not yet a chert) is dominated by remains of plants, but also fungi and various microorganisms, in other words non-metazoan life [6] . Animals are clearly rarer and are in most cases known rather fragmentarily. Hence, in many cases, we have only a few fragments of an organism from which we can try to interpret the original overall morphology.
This situation is in several aspects very different from that in most other animal fossils. More often, we have a coarser idea of the overall body of an extinct organism, but lack many of the small microscopic details. In animals from the chert biota, we have quite the opposite: we usually lack the general information of the overall body shape, but have an exquisite knowledge of tiny microscopic details. Therefore, fossils from chert can in certain aspects be compared to fossils extracted from a matrix via maceration, which have become known as small carbonaceous fossils [7] .
Despite the difficulties in observing entire organisms, we know quite a lot of detail about a number of animal species that lived within or nearby the ponds of the chert biota. These animals are all arthropods in the strict sense: sclerotized, segmented organisms with jointed legs. Among them are representatives of all four major morphotypes of modern arthropods: euchelicerates, myriapods, insects and eucrustaceans (diversity summed up in [6] ).
Owing to the exquisite preservation, the feeding apparatuses of these ancient arthropods, or better parts of these, are relatively well known. This makes it possible to reconstruct aspects of the autecology of these species. Access to the details of the fossils has been improved recently by applying three-dimensional reconstructions (optical tomography; [8] [9] [10] ). I will review and amend our knowledge on the feeding strategies of the arthropods of the chert biota. This should emphasize the uniqueness and importance of the chert biota for understanding early evolution and diversification of non-marine ecosystems.
Aspects of feeding
Instead of describing the feeding modes of individual species, I will follow a different approach here. I will discuss general types of feeding that are represented in the chert biota. This has the advantage that incomplete animal remains, i.e. fragments, can also be incorporated into the discussion more easily.
(a) Immobilizing prey for predatory feeding For feeding on a metazoan, it is often necessary to have structures that immobilize the prey and others that can be used to penetrate the prey or to disarticulate it into pieces. Some arthropod groups are known to be more or less exclusively predators, and some of these have representatives in the chert biota.
Chilopoda, the myriapod ingroup including the centipedes, has exclusively predatory modern representatives (figure 1a). The presence of chilopods in the chert biota was first indicated by an isolated piece of a walking leg (which was unfortunately never figured; [12] ). A more direct indication of a predatory lifestyle of a chilopod in the chert biota comes from an incompletely preserved venom claw (figure 1b,c; described with additional leg elements in [11] ). Here, the proximal region is well preserved, clearly demonstrating its chilopod nature; unfortunately, the truly 'predatory part', the distal fang through which the venom is injected into the prey, is not preserved. Still, we can clearly assume that a larger chilopod was living around the original ponds of the chert biota, hunting for other terrestrial arthropods to prey on.
Trigonotarbida is an ingroup of Euchelicerata (though its exact phylogenetic position is unclear; [13] ). As most euchelicerate groups can be classified as predatory (some are also parasites, and mites also include detritivores or sap feeders), we should assume that the now extinct trigonotarbids also had a more or less predatory lifestyle. This is supported by the morphology of trigonotarbid chelicerae, the first pair of appendages, found in the chert biota ( figure 2a,b) . The chelicerae resemble those of modern mesothelan spiders in several aspects ( figure 2c,d) . Ancestrally, the euchelicerate chelicerae comprised three elements [14] : a proximal peduncle element, a middle ( proximal) claw element with an extrusion, the fixed finger and the distal claw element representing a movable finger. With this overall arrangement, the chelicera can be mistaken as a crustacean chela rather easily by an untrained eye.
The trigonotarbid chelicera (at least those observed in chert) is derived from this ancestral form. It lacks a peduncular element (though Dunlop [15] discussed a sclerite as possible remnant of this element; see his Fig. 4a,b) ; the original second element is broad and has a rather indistinct short fixed finger; the movable finger is fang-like and folds in a jack-knifing type of joint against the original second element. All these characteristics resemble the chelicerae of spiders (araneaens). The chelicerae form a 458 angle between rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160492 them, a similar arrangement to mesothelan spiders. Unlike mesothelan spiders, there is no hint of a canal through the movable finger that could indicate the injection of venom into a prey animal. Still, the overall morphology can be interpreted as having a similar function to what is found in mesothelan spiders, i.e. penetrating a prey animal with the distal part of the chelicerae. Strong tooth-like protrusions of the proximal part of the chelicerae would have provided a firm grip prohibiting the prey from slipping off. Therefore, the chelicerae could have been used in immobilizing the prey. Other parts of the trigonotarbid feeding apparatuses seem not to have been able to immobilize prey (see below for some further aspects). At least in some species, the pedipalps (second pair of appendages) were chelate [16] , and hence could in principle have been used to grasp something. Yet, these chelae were rather small and seem not to have been equipped with massive muscles. It seems therefore unlikely that they played a major role in predation. Similar-looking pedipalps with small chelae occur in extant ricinuleids where they have been assumed to mainly fulfil different sensorial functions [17] .
Opiliones (harvestmen) have a large morphological variation and also diverse feeding habits. Yet, most species appear to prey on living animals; hence, they need to immobilize their prey. The chelicerae and pedipalps are mostly used for this purpose, but also are the walking legs [18] .
In the single species described from Rhynie chert, Eophalangium sheari, the chelicerae are preserved [19] . Though the distal element is probably missing, the chelicerae are relatively small when the size range of chelicerae in different representatives of Opiliones is taken into account. Therefore, the chelicerae were probably not used for immobilizing the prey, although there are also exceptions of harvestmen catching prey with short chelicerae [18] . Alternatively, these short chelicerae may also have been used to catch relatively small prey such as mites or springtails. For pedipalps or walking legs, it is even more difficult to estimate if they may have been involved in a prey catching process.
Heterocrania rhyniensis is an arthropod from the Rhynie and Windyfield cherts whose systematic affinities have long been debated (summary in [11] ); according to the current interpretation, it is a representative of Euthycarcinoida, a group of unclear position in arthropods. These unclear affinities as well as the rather fragmentary preservation make assumptions on the feeding habits of this species very difficult. According to Anderson & Trewin [11] , H. rhyniensis may have been carnivorous, catching prey items with spines on its legs in a similar mode to the extant anostracan Branchinecta gigas. Yet, these assumptions cannot be further corroborated (or rejected) in the absence of better preserved material.
(b) Food processing: chewing and related A major aspect concerning feeding is the processing of the food items into smaller pieces. Doing so by means of grinding and shearing is often referred to as 'chewing'. This term is naturally heavily biased by a tetrapod or better mammalian view. Yet, food processing in arthropods is quite different from that of mammals. This is coupled to the fact that joints in tetrapods are very different from those in arthropods. In mammals, many different types of joints exist that can perform various ranges of motion. In particular, the jaw joint of mammals is a very versatile, mixed kind of joint that allows a variety of motions. Arthropod joints are in many aspects more restricted. In principle, all joints are functional hinge joints, usually with two joint pivots that indicate the possible axis of motion for the joints. Therefore, the kind of chewing that we are familiar with is not possible with arthropod jaws. Still, it is possible to create grinding types of motion, as arthropods usually chew by moving two opposing appendages against each other. With a certain asymmetrical arrangement, cutting and grinding are certainly possible (see discussion in [20] and references therein). Within the chert biota, a number of arthropod remains reveal mouthparts that should have allowed the one or other type of chewing.
Rhyniella praecursor is a small insect, a springtail (Collembola). As to be expected for a wingless insect, it possesses prominent mandibles that are also clearly visible in the fossil specimens (figure 3a,b) [21] . As in modern forms of springtails, these mandibles are specialized in their range of motion. Quite different from the 'normal' or 'to-be-expected' range of motion, the mandibles do not fully oppose each other. By contrast, they are shifted to about 458 off-axis. Similar arrangements have been described in various mandibulate arthropods (e.g. in isopods; [22] ). This arrangement allows the mandible a certain forward movement, which could have been used for a type of piercing motion, for example, to feed on fungal hyphae [23 -25] .
Rhyniognatha hirsti has been interpreted as a possible early pterygote insect [26] , but myriapod affinities have also been suggested [27, 28] . The single specimen has recently been reinvestigated with modern imaging methods revealing previously unseen mouthparts concealed by other structures [28] . Also, details of the mouthpart morphology became more clearly visible with these methods. The mandibles bear three prominent antero-median pointing elongate spines ( figure 3c ; the original description with five spines could not be confirmed). According to Engel & Grimaldi [26] , the mandible morphology points to a chewing lifestyle of the animal, with the prey being unknown. However, the exact joint arrangement is unclear [28] , so the axis of movement cannot be reconstructed, which hampers a better understanding of how the animal used these mouthparts.
Trigonotarbids have already been mentioned above when prey immobilization was discussed, but are also interesting to rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160492 study in terms of chewing and similar behaviour. In most modern eucheliceratans, namely in arachnids, the proximal regions of the appendages have become largely immobilized, i.e. firmly attached to the body. Therefore, there is the possibility in most groups of having opposing proximal appendage parts acting against each other. Only modern horseshoe 'crabs' (xiphosurans) retain such an ancestral euarthropod type of arrangement [29] . Yet, some arachnids at least show remnants of these older types of feeding. Harvestmen have prominent enditic structures arising from the leg bases, yet these appear largely immobile. The bases of the pedipalps in most araneaen spiders are movable and extruded medially ( pointing anteriorly), obviously participating in the feeding process. Trigonotarbids have at least one prominent endite on the first pair of walking legs (appendage of post-ocular segment three). In their attempt to reconstruct the walking mode of trigonotarbids, Garwood & Dunlop [30] were rather undecided whether this endite was functional, i.e. movable during feeding.
Based on a fortunate cross-section through the anterior region of a trigonotarbid ( figure 3d,e) , we can get quite a good impression of the overall arrangement of the leg bases and the endite. It seems likely that the proximal appendage region of (at least this) trigonotarbid(s) was not fully immobilized and could be used for a kind of squeezing motion between the opposing bases. We can assume that trigonotarbids had an extra-intestinal type of digestion. This type of squeezing motion between the leg bases would have helped to extract the externally pre-digested inner part of a prey item for feeding [31] .
Lepidocaris rhyniensis is a small eucrustacean, largely resembling modern eubranchiopods such as Artemia cf. franciscana, the 'sea monkey' or brine shrimp. Similar to most of these modern animals, L. rhyniensis possesses large and asymmetrical mandibles (figure 3f,g; [32, 33] , but see [34] for anostracan with symmetrical mandibles). As these massive mandibles require strong musculature, dorsally the socalled mandibular groove is visible, which bears internally an apodeme for muscle attachment.
One of the mandibles shows medially a row of distinct teeth, which were probably used for gripping and grinding food particles (figure 3h,i; for extant comparison, see [32, 35] ). The mandible on the other side bears a single spine. Asymmetric mandibles as observed could have been capable of true motions. However, as will be shown here, L. rhyniensis was not limited to a single feeding strategy, but could also perform suspension feeding and scraping with other appendages (as is also the case in different extant anostracans [33] or in certain amphipod crustaceans [36] ).
(c) Suspension feeding
The term 'suspension feeding' describes a rather complex mode of feeding, which only occurs in aquatic environments. Particles suspended in the water are collected and taken up by the animal with the aid of certain morphological structures, especially different types of setae. Detailed discussions of this mode of feeding and its variations can be found, for example, in [37] or [38] . Different groups of animals have evolved variable strategies to perform suspension feeding. The exact performance is, among other factors, especially coupled to the size of the animal. The smaller the animal is, the higher the viscosity of the surrounding water is, which makes it more difficult to drag the particles towards the animal to eat them. These animals, living at low Reynolds number [39] , need filtering structures to actively move and 'catch' particles and bring them towards their mouth.
Eucrustacean nauplius larvae ( probably representative of Ascothoracida; [10] ; cf. [40] ) described from the Windyfield chert only reach sizes of up to 300 mm. At this small size, the surrounding water must have been very viscous, as is well known for modern nauplii [41] . For dragging food particles towards the mouth, the nauplii probably performed sweep-net feeding with all three pairs of appendages ( [42] and references therein). The second and third pairs of appendages bear long setae equipped with setules on the exopods, which increase the drag force (figure 4a). The basipods and coxae of these appendages possess endites equipped with spines that reach under the labrum and push the food particles into the mouth opening.
Castracollis wilsonae is another eucrustacean from the Rhynie chert with preserved detailed appendage morphology [44] . As this animal probably reached sizes of over 10 mm (C Haug 2017, personal observation), it has already very different morphological adaptations to its type of suspension feeding. The elongate basipods of the thoracopods (condition plesiomorphically retained from the ground pattern of Entomostraca; [45] ) bear several endites equipped with brush-like setae, as well as a setae-bearing separate proximal endite, but these setae are much shorter than those of the nauplii (figure 4b). The setae supposedly filtered food particles out of the water. The setose endites were probably movable as in extant branchiopods and used to transport food towards the body and anteriorly to the mouth. In comparison to the morphology of L. rhyniensis (see below), the thoracopods of C. wilsonae appear to have retained a morphology relatively similar to that in the branchiopod ground pattern, with the pronounced endites fully equipped with setae.
Lepidocaris rhyniensis also bears, as mentioned previously, structures most probably used for some kind of suspension feeding. Based on the investigations of Scourfield [43], the proximal endites of the thoracopods bear long setae and reach far into the median food groove (figure 4c). The setae of the right and left proximal endite of each appendage pair overlap medially, transporting food particles in the food groove anteriorly when the appendages are moved. The entire feeding process, which is interpreted to be relatively similar to that in modern anostracans, cannot be repeated in the limited framework of this contribution, but has been dealt with in detail by other authors [38, 42, 46] .
Trigonotarbids also bear filtering setae on the median side of the proximal element of the chelicerae, which again bear fine setules (figure 4d ) [31] . However, the filter mechanism of trigonotarbids is a completely different type of filtering from that described for the crustaceans above. This is especially due to the different environments these animals live in: aquatic versus terrestrial. Trigonotarbids most probably fed via extra-intestinal digestion, hence the setae should preclude too large particles from getting into the mouth in contrast to filtering setae-as those described above-which filter particles out of the water column that are then transported into the mouth. Filtering setae have been described for different arachnids [31] and also for another arachnid of unclear affinities from Rhynie chert [47] , though most probably not all of these are corresponding structures. Yet, filtering structures are also known from another non-arachnid chelicerate group, the exclusively rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160492 marine group Pantopoda (sea spiders; [48] ). However, it is still unknown how these filtering devices work.
(d) Grazing and related
Another feeding strategy rarely taken into account for Rhynie chert is different types of grazing. This means that the animal scrapes with small structures along a surface to remove tiny particles such as algae, bacteria or similar biofilms.
Lepidocaris rhyniensis has small comb setae on the posterior mouthparts ( figure 5a,b) . These structures are very similar to comb setae in extant mystacocarid crustaceans living in the interstitial spaces between sand grains (figure 5c) [49, 50] . However, as mystacocarids are rather difficult to investigate due to their small size, not much is known about the exact details how they perform feeding.
Conclusion and outlook
Arthropods from the Rhynie and Windyfield cherts perform very different kinds of feeding strategies. Understanding such aspects is crucial to gain insights into this exceptional biota. Though we still lack information for different organisms, even the discovery of new fragments of fossils can contribute important information to our understanding of the life habits of these long extinct organisms. The application of new imaging methods has provided us with previously unknown morphological details, but these methods have so far been applied only to a limited number of specimens. Hence, one can expect new details including aspects of ecology to be discovered on specimens not yet investigated with the new imaging methods.
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